This paper proposes a nonmodel-based framework for estimating story-based engineering demand parameters (EDPs) in instrumented steel frame buildings with steel moment-resisting frames (MRFs). The proposed framework utilizes a wavelet-based damage-sensitive feature and basic building geometric information to infer the building damage state at a given seismic intensity. The story-based EDPs are predicted with a reasonable accuracy compared to those predicted from rigorous nonlinear response history analyses that typically require the explicit use of a nonlinear building model.
is achieved through multivariate regression equations that relate the wavelet-based DSFs and basic geometric building in which M is the model order of the ARX model; x (n) and y (n) are the p-dimensional input and q-dimensional 59 output vectors, respectively; e (n) is the residue error vector; and A i and B i are p × p and q × p coefficient matrices of 60 the autoregressive (AR) polynomial and exogenous (X) input. The model in Eq.
(1) may be re-written as follows,
in which
62
Φ Φ Φ T (n) = −y (n − 1) · · · −y (n − M) x (n − 1) · · · x (n − M) (3)
The parameter matrix, Θ Θ Θ can be estimated based on the least square method as follows,
63
arg min
The AR coefficient and X input matrices are used to formulate the system matrix of equations. The dynamic
64
properties of a MDF system are estimated by eigenvalue decomposition for the system matrix [14] .
65
Due to random noise, it is common that spurious modes are induced [12, 14] . In this case, a stable mode is 66 estimated by changing the ARX model order. A stabilization diagram [12, 14] is typically used for this purpose.
67
From this diagram, stabilization occurs when the relative differences of the dynamic properties identified using two 68 different model orders are not more than 5%, 10%, and 5% for the natural frequencies, the damping ratios, and illustrates the stabilization diagram for the y loading direction of a 4-story steel frame building with moment-resisting 71 frames (MRFs) tested at the E-Defense facility [26, 27] estimated based on the single-input/three-output ARX method.
72
Referring to Figure 2 , a relatively solid vertical line represents true modes. Moreover, the circled symbols represent 73 the values that were converged to the thresholds for the frequency, MAC and damping ratio. 
Wavelet-based damage-sensitive features
In order to develop an approximate method for rapid earthquake vulnerability assessment of steel frame buildings 76 with MRFs, a nonmodel-based approach is employed. In particular, wavelet-based DSFs are utilized as proposed DSFs at a given seismic intensity. This section briefly describes the theoretical background of the wavelet-based DSF 80 that is utilized in this paper. Given a scale parameter a > 0, and time shift parameter b, the continuous wavelet 81 transform can be mathematically described as follows,
in which f (t) is the response history data (i.e., the absolute acceleration time history in this paper); ψ (t) is the 83 mother wavelet function (the Morlet wavelet basis function [28] is used as a mother wavelet due to its resemblance to 84 earthquake pulse); and * is the complex conjugate. A set of basis functions, which are termed as daughter wavelets,
85
is established by continuously dilating and translating the mother wavelet function, ψ (t). The continuous wavelet history data, f (t) at the building roof.
88
Noh et al.
[17] introduced the wavelet-based DSFs as structural damage indicators, which are defined as the 89 ratio of the wavelet energy at the first-mode natural frequency of the building over time to the total wavelet energy.
90
Hwang and Lignos [24] refined the wavelet-based DSF for cases that higher mode contributions become considerable.
91
Therefore, the wavelet-based DSFs as proposed in [24] are utilized as follows,
in which E scale( f i ) is the wavelet energy at a scale corresponding to the ith natural frequency of the building under ground motion from the 1995 Hygoken-Nanbu earthquake. Referring to Figure 3 , the DSF values of the 4-story steel
115
MRF building are plotted with respect to the four discrete seismic intensities. While the steel MRF building remained 116 elastic (i.e., 20% and 40% of the JR Takatori record), the corresponding DSF values were on the order of 0.15 or less.
117
For a design-basis seismic event, the peak story drift ratios were on the order of 2% along the height of the building; 
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In order to populate the best-suited damage indicators (i.e., wavelet-based DSFs) discussed later on in Section 
Nonlinear building models
in which β i are the regression constants; ε is the random error (i.e., residual); EDP i are the corresponding peak SDRs, the PGA was found to provide better estimates for PFAs compared to other IMs that were examined. Notably, the
177
FEMA P-58 simplified approach [9] utilizes the same IM for computing PFAs along the building height. In order
178
to compute the S avg and PGA after an earthquake an acceleration sensor should be placed at the ground floor of the 179 building. If the base motion is not available, the output-only system identification method proposed by Lignos and
180
Miranda [49] may be used to obtain the input ground motion. Furthermore, a number of alternatives to simplify Eq.
181
(10) to the extent possible without sacrificing the prediction accuracy were considered. In certain cases, the DSF was
182
excluded from the regression model; however, the corresponding functional form lead to a 45% under-prediction of
183
EDPs at seismic intensities associated with a Design Basis and a Maximum Considered Earthquake.
184
Referring to Eq. (10), the wavelet-based DSF is determined from the absolute acceleration response history 185 recorded at the building roof; h x is the height above the base of the building to floor level x; H is the total building 186 height above the ground; SCWB is the strong-column/weak-beam ratio determined by the year of building construction 187 and regional seismic provisions; and N is the number of stories of the building under consideration. Equation (10) 188 includes the term h x /H to reflect the variability of EDPs as a function of the story. predictor variables significantly affect the accuracy of the models. In particular, the p-values in the t-statistic are zero.
196
Referring to Tables 2 and 3 , the R 2 of the residual SDR is smaller than the corresponding values for the peak SDRs Same observations hold true for steel frame buildings with 9 to 20 stories. The efficiency of Eq. (10) in predicting story-based EDPs is further illustrated for selected seismic intensities 209 that represent hazard levels of interest to the engineering profession: namely (i) a service-level earthquake (i.e., SLE:
210 seismic hazard level of 50% probability of exceedance in 50 years); (ii) a design-basis earthquake (i.e., DBE: seismic 211 hazard level of 10% probability of exceedance in 50 years); and (iii) a maximum considered earthquake (i.e., MCE:
212 seismic hazard level of 2% probability of exceedance in 50 years). PFAs along the height of the steel frame buildings at the DBE and MCE seismic intensities. This was computed through nonlinear static analysis based on a first-mode lateral load pattern.
235 Figure 11 depicts the predicted peak SDRs along the height of the 8-story steel frame building based on the
236
proposed method in comparison with the median peak SDR demands from NRHA for three seismic hazard levels
237
(i.e., SLE, DBE and MCE) as defined at the design location of interest. In the same figure, we have superimposed the 238 predicted median peak SDRs based on the FEMA P-58 simplified procedure [9] . To facilitate a lower/upper bound 239 analysis, the 16th/84th percentiles of peak SDRs, PFAs and residual SDRs are provided in the same figures.
240
Referring to Figure 11 (a), it is evident that the proposed predictive equations provide reasonable estimates of peak
241
SDRs regardless of the seismic intensity. Notably, the only input information that is required is the building height, strength and stiffness of structural components occurs [9] . On the other hand, the proposed nonmodel-based approach 251 predicts well the peak SDR demands over the building height for the same seismic intensity.
252
Referring to Figure 11 (b), the predicted median PFAs along the height of the 8-story steel frame building are
253
shown for the three selected levels of seismic intensity. Superimposed in the same figure is the median PFA demands 254 from NRHA. From this figure, it is found that the proposed method provides reasonable PFA estimates along the 255 height of the building for moderate to severe seismic intensities (i.e., DBE and MCE). At frequently occurring seismic 256 intensities (i.e., SLE), the proposed approach seems to underestimate PFAs by approximate 16%, on average, relative 257 to NRHA results. Similar accuracy is achieved with the FEMA P-58 simplified approach. The proposed approach could be employed for the rapid seismic assessment of instrumented steel frame buildings 273 with fairly low instrumentation density. In particular, two sensors at each principal axis are only required along the 274 height of the respective building. Preferably, one sensor should be placed at the base to obtain the peak ground capacity design principles were not formally employed. However, the design of similar buildings was mostly governed 284 by lateral wind loads over seismic loads, and the member properties were determined based on wind demands; there-285 fore, they were detailed to behave in a ductile manner [58] . Considering the large column sizes that were typically 286 employed to satisfy the axial and lateral drift limits in tall buildings, the column flexural strength was not deemed to 287 be critical [58] . Therefore, the building had a SCWB ratio close to 1.0. The existence of the concrete shear walls up to 288 the first story of the steel frame building did not seem to influence the seismic behavior of the steel frame building; in 289 that sense, the lateral load resistance is primarily provided by the steel MRFs. Fifteen accelerometers were installed 290 at four levels along the height of the building. The recorded data was retrieved from the Center for Engineering 
Predicted engineering demand parameters and earthquake-induced economic losses
295
To determine the wavelet-based DSFs to be used in Eq. (10), the first-mode frequency f 1 of the building is 2.1). Table 4 summarizes the identified natural frequencies of the first two building modes in the two horizontal 299 loading directions. The equivalent damping ratios, ζ eq for the two modes per loading direction are also identified. The 300 wavelet-based DSF is then determined from the recorded absolute acceleration response history at the building roof.
301 Table 4 : System identification for the 15-story instrumented steel frame office building in Los Angeles.
Loading direction Mode Natural frequency f (Hz) Equivalent damping ratio, ζ eq (%) to excessive residual deformations; and (iii) collapse occurs and the building shall be rebuilt. Assuming that these 318 consequences are mutually exclusive, the expected building losses conditioned on the seismic intensity IM are defined
in which E [ L T | NC ∩ R, IM] is the expected total repair cost given that collapse does not occur and the building may cost of the building when collapse occurs at a given seismic intensity IM = im, because the building needs to be 324 replaced in this case. Furthermore, P (NC ∩ R|IM) is the probability that the building will not collapse but may be 325 repaired or replaced conditioned on the seismic intensity IM=im; P (NC ∩ D|IM) is the probability that the building
326
will not collapse but it may be demolished because of potentially large residual deformations conditioned on the 327 seismic intensity IM=im; P (C|IM) is the probability of collapse conditioned on the seismic intensity IM=im. The 328 expected total repair cost conditioned on the building not collapsing
in which m is the number of damageable components being considered; n is the number of damage states a component
is the mean repair cost for the ith component being in the jth damage state; P DS i j |EDP 331 is the probability of the EDP of interest associated with the ith component being in the jth damage state given an
332
EDP=edp. The probability of having to demolish the building conditioned on the seismic intensity P (NC ∩ D|IM) is 
336
In order to reliably quantify the earthquake-induced losses of the instrumented building, the authors adopted a 337 library of fragility curves of building components from FEMA P-58 [9] . Some of these curves were further refined shown in Figure 14 (a). In this case, the likelihood of ductile fracture due to low-cycle fatigue is practically zero. Figure 15 shows the expected earthquake-induced losses of the 15-story Government steel frame office building.
362
The expected losses are normalized with respect to the total replacement cost of the building. Note that the total 363 replacement cost of the building is determined for a given calendar year (i.e., 1994). Referring to Figure 15 , the 364 expected losses due to repairs slightly exceed 10% of the total replacement cost of the building. These losses are 365 further disaggregated into structural/non-structural component repairs, building demolition, and collapse. For the 366 given seismic intensity at the site of interest, losses due to collapse and demolition become negligible. This is to be 367 expected given the amplitude of peak and residual SDRs along the height of the building [see Figure 13 (a)]. However, 368 drift-sensitive non-structural component repairs seem to be the major contributor to the expected building losses. On 369 the other hand, the expected losses due to acceleration-sensitive non-structural component repairs are approximately 370 2.0% of the total replacement cost of the building. This seems to be a reasonable estimate based on the recorded 371 maximum PFAs (i.e., 0.29g) along the height of the building. These PFA demands are much lower than the minimum 372 seismic force limit (i.e., 0.5g) on acceleration-sensitive non-structural components at the design site [31] . placement cost of the building. Although the peak SDRs along the height of the building did not exceed 1.3% in The proposed framework discussed in Section 2 offers the opportunity to conduct a rapid seismic risk and loss 383 assessment of instrumented buildings at a "city-scale" for a given earthquake scenario. This concept is explored estimates that were computed along the height of the instrumented steel frame buildings that experienced the 1994
393
Northridge earthquake. The maps are developed with the use of ArcGIS (release version 10.3) [73] . In regions that 394 instrumented data were not available, the contour maps were developed with a multivariate (spatial) interpolation. It 395 was found that the inverse distance weighting (IDW) method [74] provides rational results in this case. This method
396
assigns maximum values of EDPs to unknown points with a weighted average of the values available at the known 397 points in the map. The mathematical form of the IDW method [74] is defined as follows,
in which z x,y is the value to be estimated at the location point (x, y); and z i represents the control value for the ith 
in which d x,y,i is the distance between z x,y and z i ; and β is a user-defined exponent. In this study, the exponent β was 402 assumed to be 2.0 as suggested in [73] . Equation (13) can be rewritten as follows, of the city the distribution of the peak SDRs and PFAs were on the order of 0.5% and 0.4g, respectively, indicating that 407 the expected structural and non-structural damage would be fairly minimal in the same region. Referring to Figure   408 16(c), the distribution of residual SDRs was 0.45% or less; therefore, building demolition would not be a critical con-409 cern throughout Los Angeles. It is understood that the maps shown in Figures 16(a) -(c) can provide a first estimate of 410 the post-earthquake safety of a city. These maps can be produced within minutes after the earthquake. In that sense,
411
the proposed framework can be employed for city-scale management in the aftermath of an earthquake. The generalized loss maps shown herein can be easily employed for the computation of the expected losses at a 424 city-scale for a given earthquake scenario such that proper pre-disaster measures can be prioritized by stakeholders 425 and building owners. In particular, the proposed framework is utilized to compute the disaggregated losses if the 426 same buildings were to be retrofitted prior to the same seismic event. In particular, if the beam-to-column connections
427
would be rehabilitated such that they could behave as standard post-Northridge beam-to-column connections then 428 the expected losses due to moment connection repairs would be nearly zero as shown in Figure 17(c) . Similarly, the 429 expected losses due partition repairs would be reduced by a factor of 2.5, on average, if sliding gypsum wallboard
The potential use of the proposed framework for rapid seismic risk and loss assessment at a city-scale is illus-
